We study the asymmetric nuclear matter using a holographic QCD model by introducing a baryonic charge in the infrared boundary. We first show that, in the normal hadron phase, the predicted values of the symmetry energy and it's slope parameter are comparable with the empirical values. We find that the phase transition from the normal phase to the pion condensation phase is delayed compared with the pure mesonic matter: The critical chemical potential is larger than the pion mass which is obtained for the pure mesonic matter. We also show that, in the pion condensation phase, the pion contribution to the isospin number density increases with the chemical potential, while the baryonic contribution is almost constant. Furthermore, the value of chiral condensation implies that the enhancement of the chiral symmetry breaking occurs in the asymmetric nuclear matter as in the pure mesonic matter. We also give a discussion on how to understand the delay in terms of the 4-dimensional chiral Lagrangian including the rho and omega mesons based on the hidden local symmetry.
I. INTRODUCTION
It is expected that investigation of the hadron physics in extreme conditions will give a clue for our understanding of QCD (Quantum Chromodynamics). In particular studying asymmetric nuclear matter is also important to derive the equation of state inside neutron stars [1] , which will give a clue to understand the recently found very heavy neutron star [2, 3] .
In the previous work [4] , we studied the pion condensation in the pure mesonic matter using a holographic QCD model by introducing the isospin chemical potential as a UV boundary value of the gauge field. We showed that the phase transition from the normal hadron phase to the pion condensation phase is of the second order and the critical value of the isospin chemical potential is equal to the pion mass, consistently with the chiral Lagrangian analysis [5] .
In Ref. [4] , we studied the µ I -dependence of the chiral condensate defined byσ ≡ σ 2 + π a 2 , and showed that, although the "σ"-condensate decreases rapidly with the isospin chemical potential in the pion condensation phase, the π-condensate increases more rapidly. As a result the chiral condensateσ keeps increasing, which implies the enhancement of the chiral symmetry breaking in the pion condensation phase. The symmetry structure for this is understood in the following way: When the isospin chemical potential is introduced, the chiral symmetry SU(2) R × SU(2) L is explicitly broken to U(1)
A , where the superscript (3) implies that the generator T 3 of SU (2) is * h248ra@hken.phys.nagoya-u.ac.jp † harada@hken.phys.nagoya-u.ac.jp used for the U(1) as exp[iθ V T 3 ] ∈ U(1) (3) V . In the normal hadron phase the U(1) (3) A is broken by the "σ"-condensate spontaneously and the quark mass explicitly. In the pion condensation phase, on the other hand, the U(1)
V symmetry is spontaneously broken by the π-condensate, which generates a massless NambuGoldstone boson. Since both U(1) ( 
3)
A and U(1) (3) V are subgroups of the chiral SU(2) R × SU(2) L symmetry, the above structure implies that the chiral symmetry is never restored in the mesonic matter with the isospin chemical potential, and actually the breaking is enhanced in the pion condensation phase. We note that the above properties are obtained in the pure mesonic matter, so that it is interesting to ask whether they are changed by the existence of the nucleon in the matter.
There are several works studying the asymmetric matter. In Refs. [7] [8] [9] , the asymmetric nuclear matter was studied by regarding the Reissner-Nordstorm (RN) blackhole charge as the baryon charge in a hard wall holographic QCD model. They studied the transition from the confinement phase to the deconfinement phase and the one from the normal hadron phase to the pion condensation phase. It was shown that the pion condensation phase appears at finite isospin number density with the baryon number density in the confinement phase [9] .
In this paper, we adopt a simple way for introducing the baryonic sources: We include a point-like nucleon source at the IR boundary coupling to the iso-triplet vector meson in the hard wall holographic QCD mode as in Ref. [6] , and studied the pion condensation in the asymmetric nuclear matter. We will show that the phase transition from the normal hadron phase to the pion condensation phase is delayed in the asymmetric nuclear matter compared with the pure mesonic matter. In other words, the critical chemical potential is larger than the pion mass. On the other hand, the enhancement of the chiral symmetry breaking still occurs since the chiral condensateσ keeps increasing with the isospin chemical potential.
This paper is organized as follows: In section II, we briefly review the holographic QCD model used in our analysis, and introduce the baryonic charge following Ref. [6] . Section III is devoted to the study of the symmetry energy and the pion mass in the normal hadron phase. In section IV, we study the pion condensation phase and obtain the relation between the isospin chemical potential and the isospin number density as well as the chiral condensate. In section V, we make an analysis of the pion mass in the normal hadron phase using the four dimensional chiral model based on the hidden local symmetry [10, 11] . We give a summary and discussions in section VI. We also show the equations of motion in appendix A.
II. MODEL
In the present analysis, we employ a holographic QCD model given in Refs. [12] [13] [14] for the mesonic part. Then the mesonic action in the five dimensional space is given by
where
with m 2 5 = −3. The metric is written as
where z m and ǫ are the IR-cutoff and UV-cutoff. Here N and M run over 0,1,2,3,5 and η µν is the defined as the Minkovski metric: η µν = diag(1, −1, −1, −1).
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The model has the chiral symmetry U(2
, under which the 1 Although there is a Chern-Simons term in addition, the term does not affect our result since we assume the rotational invariance in the present analysis.
fields transform in the following form:
The covariant derivative and the field strength are defined as
and similar for F R MN . These fields are parametrized as
and σ a are the Pauli matrices. In the following analysis we adopt the gauge L 5 = R 5 = 0 and the IR boundary condition F L 5µ zm = F R 5µ zm = 0. Now, let us include the effects of the nucleon into the model. Here we introduce baryonic sources for the quark number density ρ q and the baryonic contribution to the isospin number density, denoted by ρ I , through the following term:
where δz (> 0) is an infinitesimal length and V 0 0 and V 3 0 are the gauge fields corresponding to the quark number density and isospin number density. The baryon number density ρ B is defined as ρ B = ρ q /N c . These ρ B and ρ I are related with the baryonic condensates as ρ B = ψ γ 0 σ 0 ψ and ρ I = ψ γ 0 σ 3 ψ . It was assumed that the wave function of the baryon field is expressed as the δ-function which has a peak at a point near the IR boundary [6] , which doesn't modify the IR boundary conditions. Here the gauge corresponding to the vector field is already fixed because a charge is introduced. It should be noted that we assume that the internal energy is not large enough to make a pair creation of a baryon and an anti-baryon. Furthermore, we start from the initial condition where no anti-baryon exists. Then, the present analysis can be applicable only for |ρ I | ≤ For the physical inputs to determine the parameters, we use the pion mass m π = 139.6MeV, the pion decay constant f π = 92.4MeV, the ρ meson mass m ρ = 775.8MeV, and he a 0 meson mass. As in Ref. [4] , we use the a 0 meson mass m a0 = 980 MeV as a reference value, and see the dependence of our results on the scalar meson mass. The values of the parameters corresponding to m a0 = 980 MeV are determined as
As in Ref. [4] , we assume that the pion condensation phase has the rotational symmetry, L i = R i = 0, and the iso-triplet scalars do not condense, S a = 0. Furthermore, we take V 
where θ is a step function, Eq. (II.20) is rewritten as
Here the boundary conditions are given by
III. SYMMETRY ENERGY AND DELAY OF THE PHASE TRANSITION
In this section we study the symmetry energy to check whether the present way to introduce the baryonic matter works well in the normal hadron phase by comparing our result with its empirical value. Next, we investigate the dependence of the pion mass on the isospin chemical potential µ I in the normal hadron phase to show the delay of the pion condensation compared with the pure mesonic matter studied in Ref. [4] . For studying the hadron phase we set b = 0 and θ = 0 in the equations of motion in Eqs. (II.20) and (II.22).
We first derive the relation between the chemical potential µ I and the isospin number density n I . For b = θ = 0, it is easy to solve the equation of motion (II.22) with the boundary conditions in Eq. (II.23) to have
Substituting this solution into Eq. (II.19), we obtain
Minimizing the Ω for the ρ I for a given value of the isospin chemical potential µ I yields the relation between the isospin chemical potential µ I and the isospin density of the asymmetric matter ρ I :
Here in the normal hadron phase the isospin density n I equals to the density ρ I because mesons carrying isospin charge do not condense. Similarly, for the quark number density we also have
which yields the following relation:
The energy density of the system is defined as E = Ω + n q µ q + n I µ I at zero temperature and given by E = g Now, the symmetry energy is obtained as
where α ≡ 2ρI ρB . At the saturation density ρ 0 = 0.16fm
we can estimate E sym (ρ 0 ) = 29MeV by using Eq. (II.17) and Eq. (II.18), which is comparable to the empirical value of 32.3±1.0 MeV [15] . In Refs. [16, 17] , the value of the parameter γ defined as E sym (ρ B Let us next study the µ I -dependence of the pion mass. The equations of motion for the pion fluctuation up till the quadratic order in the momentum space are given by
where the fields are parameterized as
S 0 is the solution of Eq. (A.1) and E is the energy of the static pion. Equation (III.9) together with the boundary conditions, π| ǫ = ∂ 5 π| zm = 0, yield the value of the E as the eigenvalue. The lowest value of the eigenvalue E is identified with the pion mass. Figure 1 shows the µ I dependence of the pion mass in the normal hadron phase. The π + mass drawn by the red curve increases with the isospin chemical potential. The π − mass by the green curve, on the other hand, decreases and reaches zero at µ I = 235MeV, which implies that the π − condenses and that the transition to the pion condensation phase occurs. We would like to stress that the π − mass here decreases more slowly than the one obtained in the pure mesonic matter shown by the blue curve. One can easily see that the critical value of the isospin chemical potential for the phase transition is larger than the pion mass for the pure mesonic case. This is due to the existence of the baryons in the matter, which can also be understood by an analysis of the chiral Lagrangian based on the Hidden Local Symmetry as shown in section V. 2 Note that this definition of symmetry energy is different from the one used in Ref. [8] . Fig. 1: µI dependence of the pion masses. The red and green curves show the masses of π + and π − , respectively. We also show the µI dependence of the π − mass in the pure mesonic matter obtained in Ref. [4] by the blue curve.
IV. PION CONDENSATION PHASE
Next, we study the equation of state in the asymmetric nuclear matter.
From the Lagrangian Eq. (A.2), the equations of motion are obtained as
These differential equations are solved with the boundary conditions listed in Table I . One can derive
Here the IR boundary condition for ϕ 3 is determined by minimizing the grand potential as By using the boundary condition in Eq. (II.23), the value of ρ I is determined as
The isospin density of the system is defined by
where the n m I expresses the mesonic contribution to the isospin number density given by The relation between the isospin chemical potential µI and the isospin number density nI drawn by the red curve. The blue and pink curves show the µI dependences of the mesonic contribution n m I and the baryonic contribution ρI , respectively. The green dots show the result shown in Ref. [4] for pure mesonic matter.
In the pion condensation phase, the pion contribution to the isospin number density increases monotonically with the chemical potential as shown by the pink curve in Fig. 2 , while the baryonic contribution by the blue curve is almost constant: ρ I ∼ 0.2 fm −3 . As a result the mesonic contribution dominates the isospin number density. This implies that the energy provided by the isospin chemical potential is mostly used for generating the pion condensation rather than converting the neutron into proton. Figure 3 shows the dependence of the equation of state on the scalar meson mass. The value of parameter λ is determined from the mass of the a 0 meson, where λ = 1.0, 4.4 and 100 correspond to the m a0 = 610, 980 and 1210 MeV, respectively. We find that the critical value of the isospin chemical potential is independent of λ and the behavior of the equation of state is not sensitive to the value of λ. As we stated in the introduction, the existence of the isospin chemical potential µ I explicitly breaks the chiral symmetry group SU(2) R × SU(2) L down to its subgroup U(1)
A , where the superscript (3) implies that the generator T 3 of SU (2) is used for the U(1) as exp[iθ V T 3 ] ∈ U(1)
V . For studying the order parameters for the phase transition, we define the following π-condensate and the "σ"-condensate [4] :
We plot the "σ"-condensate and the π-condensate obtained by the present analysis in Fig. 4 , together with those condensates for the pure mesonic matter. This figure shows that the present behavior is quite similar to the previous one except the difference of the phase transition point: In the normal hadron phase the "σ"-condensate exists, which leads to the break down of the U(1)
A symmetry, but π-condensate is zero. At the phase transition point, the π-condensate appears, which spontaneously breaks the U(1) starts to decrease very rapidly. For large µ I , the "σ"-condensate is almost zero while the π-condensate keeps increasing.
We next show the chiral circle in curve shows that the behavior for the nuclear matter is quite similar to the one for the pure mesonic matter shown by the green dotted line: Although the "σ"-condensate decreases and the π-condensate increases, the chiral condensate defined bỹ
stays constant until about 150 MeV above the critical chemical potential. In the large µ I region, the chiral condensateσ grows very rapidly. This implies that the enhancement of the chiral symmetry breaking occurs in the asymmetric nuclear matter, similarly to the one in the pure mesonic matter as shown in Ref. [4] .
V. AN ANALYSIS BY THE CHIRAL LAGRANGIAN BASED ON THE HIDDEN LOCAL SYMMETRY
In this section, we show that the delay of the phase transition to the pion condensation phase is understood as the baryonic matter effect in the framework of the four dimensional chiral Lagrangian including the ρ meson based on the hidden local symmetry (HLS) [10, 11] .
The mesonic part of the HLS Lagrangian is given by
where χ is an external field which has the expectation value corresponding to the pion mass, χ = m 2 π 1. Thê α ⊥µ andα µ are defined aŝ
where ξ L,R is the fields, including pion, V µ is the gauge field including the rho and omega mesons and the covariant derivative of these fields are
The baryon and isospin chemical potentials, µ B and µ I , are introduced as the expectation value of the time component of the external gauge fields:
Here we introduce the following terms including the baryons explicitly:
where N is the baryon field and D µ is a covariant derivative defined as D µ N = (∂ µ − iV µ ) N . We replace the bilinear baryon fields by the mean field as Taking the unitary gauge of the HLS and integrating out the rho and omega mesons and assuming the rotational symmetry, we obtain the following effective Lagrangian for the pion coupling to the baryonic sources:
Tr
Existence of the terms in the last line of Eq. (V.6) causes the deviation from the result obtained by the O(p 2 ) chiral Lagrangian without the baryonic sources, which delays the transition to the pion condensation comparing to of the pure mesonic analysis. Figure 6 shows the relation between the pion mass and the isospin chemical potential for a ′ = 0.7 (green), 0.5 (blue), 0.3 (pink) and of the holographic QCD model (the red curve). The dotted black line corresponds to the case for the pure pion matter, a ′ = 0. This figure shows that the point at which the curve reaches zero depends on the value of a ′ . The critical value of the isospin chemical potential for 0 < a ′ < 1 is larger than the pion mass, which implies that delay of the transition is understood by using a model based on the HLS with the baryonic sources. 
VI. A SUMMARY AND DISCUSSIONS
We introduced a baryonic source at the IR boundary coupling to the iso-triplet vector meson in the hard wall holographic QCD mode, and studied the pion condensation in the asymmetric nuclear matter. We showed that the phase transition from the normal matter to the pion condensation phase is delayed in the asymmetric nuclear matter compared with the pure mesonic matter. Furthermore, our result shows that the meson contribution to the isospin number density increases with the chemical potential, while the baryon contribution stays constant. This implies that the chiral symmetry breaking is enhanced in the asymmetric nuclear matter as in the pure mesonic matter.
We show the phase diagram obtained from the preset analysis in Fig. 7 , where the blue and red area express the hadron phase and the pion condensation phase respectively. The phase transition is of the second order. There are uncolored area in which our analysis is not applicable because of |ρ I | ≤ 1 2 ρ B . On the µ I axis, µ B = 0, the phase transition to the pion condensation occurs at which the isospin chemical potential is equal to the pion mass as shown in Ref. [4] . On the other hand, at µ B = 0, done by the present analysis, the critical point of the transition is delayed compared with at µ B = 0. In the present analysis, we put the baryonic charge at the IR boundary. In more general case, the charge is spread into the bulk by the gauge interaction. Furthermore, the coupling of the baryon to the scalar mesons is not included. Such effects could be included by the holographic mean field approach [18, 19] , which is left for future publication.
As we mentioned in the introduction, References [7] [8] [9] where the m q corresponds to the explicit braking of the chiral symmetry due to the current quark mass.
Using the assumptions given in section II and the variables parameterized in Eqs. (II.12) and (II.13), the Lagrangian L is written as L = a For convenience, we fixed π 2 = 0 by using the isospin symmetry U(1) I which is the subgroup of U(1) 
